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Abstract
To investigate the effects of niacin on growth, digestion
and absorption capacity, and the potential mechanism for
digestive and brush border enzyme activities, grass carp
(Ctenopharyngodon idella) (256  0.41 g) were fed diets
containing 3.95 (basal diet group), 14.92, 24.98, 35.03,
44.97 and 55.01 mg niacin kg1 diet for 8 weeks. Results
indicated that percentage weight gain (PWG), feed intake
and feed efficiency were the lowest in basal group
(P < 0.05). Similarly, niacin deficiency decreased hepato-
pancreas trypsin, chymotrypsin, lipase and amylase activi-
ties (P < 0.05), intestinal Na+, K+-ATPase, alkaline
phosphatase, c-glutamyl transpeptidase and creatine
kinase (CK) activities, the cholecystokinin (CCK) content
in proximal intestine (PI) and growth hormone content in
serum (P < 0.05). Furthermore, niacin deficiency downreg-
ulated gene expression of hepatopancreas trypsinogen 1,
trypsinogen 2, chymotrypsinogen and amylase, intestinal
Na+, K+-ATPase alpha subunit isoform 1, Na+, K+-
ATPase alpha subunit isoform 8 and CK, and target of
rapamycin (TOR) and S6 kinase 1 (S6K1) of hepatopan-
creas and intestine (P < 0.05), whereas upregulated
eIF4E-binding protein (4EBP) gene expression (P < 0.05).
The niacin requirement for young grass carp (256–689 g)
based on PWG, hepatopancreas trypsin activity and Na+,
K+-ATPase in PI was 34.01, 35.10 and 42.08 mg kg1
diet, respectively.
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Introduction
Niacin is known as one of the most important water-solu-
ble vitamins for the maintenance of normal metabolic and
physiological function in fish (Ahmed 2011). Study
showed that niacin deficiency induced high mortality,
anaemia, fin and skin haemorrhages in channel catfish
(Ictalurus punctatus) (Ng et al. 1997), as well as resulted
in growth retardation and poor feed efficiency in gift tila-
pia (Oreochromis niloticus) (Jiang et al. 2014). The poor
feed efficiency and growth retardation partly resulted from
the inefficient digestion of feed, which was relied on diges-
tive and absorptive capacities of fish (Refstie et al. 2000).
However, no study has addressed the relationship
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between niacin and the digestive and absorptive capacities
in fish.
The capacity of digestion and absorption is strongly
related to the digestive enzymes (such as trypsin, chymo-
trypsin, lipase and amylase) and brush border enzyme
activities (such as Na+, K+-ATPase, alkaline phospha-
tase, c-glutamyl transpeptidase and creatine kinase)
(Hakim et al. 2006; Deng et al. 2010). However, very little
is known about the effect of niacin on digestive and brush
border enzyme activities in fish. Niacin is required for the
synthesis of the active forms of nicotinamide adenine
dinucleotide (NAD+) in fish (Ahmed 2011). In Corynebac-
terium glutamicum, NAD+ function as cofactor for histid-
inol dehydrogenase associated with the biosynthesis of
histidine (Kulis-Horn et al. 2014). Study from our labora-
tory showed that histidine could increase trypsin, chymo-
trypsin, lipase and amylase activities in the
hepatopancreas, and Na+, K+-ATPase, alkaline phospha-
tase (AKP), c-glutamyl transpeptidase (c-GT) and creatine
kinase (CK) activities of intestine in juvenile Jian carp
(Cyprinus carpio var. Jian) (Zhao et al. 2012a). These data
suggested that niacin may be related to fish digestive and
brush border enzyme activities, which is valuable for
investigation.
The enzyme activity change was partly depended on
enzyme gene expression in rat tissue (Lambertucci et al.
2007). Moreover, gene expression of the digestive and
brush border enzymes was related to nutritional factors
in fish (Zhao et al. 2012b). Study reported that isoleucine
could enhance the gene expression of chymotrypsin,
lipase, amylase, Na+, K+-ATPase, alkaline phosphatase
and c-glutamyl transpeptidase in juvenile Jian carp (Zhao
et al. 2012b). However, to our knowledge, no study has
addressed the effect of niacin on gene expression of
digestive and brush border enzymes in fish. Jiang et al.
(2014) reported that niacin was required for the synthesis
of nicotinamide adenine dinucleotide phosphate
(NADP+) in tilapia. Shi et al. (2013) found that
NADP+ served as the biosynthesis of isoleucine in
C. glutamicum. These data indicated a possible correla-
tion between niacin and gene expression of the digestive
and brush border enzyme in fish, which is valuable for
investigation. Furthermore, the gene expression was
strongly correlated with RNA polymerases (Roberts et al.
2006). It was reported that RNA polymerases combined
with the promoter start-up gene transcription in Dro-
sophila and mammals (Core & Lis 2008). To the best of
our knowledge, target of rapamycin (TOR) plays a
central role in TOR signalling pathway and relays a
permissive signal to downstream targets in fish (Wu et al.
2011). Lee et al. (2009) reported that TOR could upregu-
late RNA pol III expression in yeast. Simultaneously,
Rohde et al. (2004) found that TOR promoted the
expression of the polymerase II-regulated ribosomal pro-
tein (RP) gene in yeast. Hannan et al. (2003) indicated
that S6 kinase 1 (S6K1) and eIF4E-binding protein
(4EBP), as major downstream targets of TOR, may be
involved in the expression of RNA polymerases in yeast.
However, no study has addressed the relationship
between niacin and TOR signalling pathway in fish. It
was reported that niacin played a role in the synthesis of
nicotinamide adenine dinucleotide phosphate (NADP+)
in fish (Xia et al. 2014). NADP+ also served as the bio-
synthesis of arginine in Corynebacterium crenatum (Rah-
man et al. 2013). Chen et al. (2012) indicated that
arginine could improve the relative expression of TOR
gene in intestine of carp. These data indicated that niacin
may regulate digestive and brush border enzyme activities
of fish through modulating their gene transcriptions
related to the TOR signalling pathway, which is valuable
for investigation.
Grass carp (Ctenopharyngodon idella) is one of the com-
mercial herbivorous species in the world (Gı^lca 2010). The
commercial rearing of fish relies heavily on artificial diets,
which is formulated according to the nutritional require-
ments for this species (Ahmed & Khan 2004). The dietary
niacin requirement was only evaluated in juvenile grass
carp (Wu et al. 2008). However, the requirement of nutri-
ent may be varied at different growth stage in fish. For
example, in grass carp, lysine requirement at the juvenile
stage was higher (Wang et al. 2005) than that at subadult
stage (Li et al. 2014). Nowadays there is no study has been
found to confirm the dietary niacin requirement in young
grass carp. Therefore, it is necessary to study niacin
requirement of young grass carp.
From the foregoing statement, we preliminarily investi-
gated the effect of niacin on fish growth performance and
firstly made further efforts to investigate the influence of
niacin on digestive and brush border enzyme activities,
gene expression of digestive and brush border enzymes,
and gene transcription of signalling molecules involved in
TOR signalling pathway in the hepatopancreas and intes-
tine of young grass carp, which could provide partial theo-
retical evidence for the effect mechanism of niacin on fish
growth. The optimum dietary niacin requirement for young
grass carp is also evaluated, which was also provided a
part of available information for the commercial rearing in
fish.
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Materials and methods
Experimental design and diets
The formulation of the basal diet is shown in Table 1. Fish
meal (Pesquera Lota Protein Ltd., Lota, Chile), casein (Hul-
unbeier Sanyuan Milk Co. Ltd., Inner Mongolia, China) and
gelatin (Rousselot Gelatin Co. Ltd., Guangdong, China)
were used as the main protein sources. Fish oil (CIA. Pesqu-
era Camanchaca S.A., Santiago, Chile) and soybean oil
(Kerry Oils & Grains Industrial Co. Ltd., Sichuan, China),
a-starch and corn starch (Heima Oils and Industry Co. Ltd.,
Xinji, China) were used as dietary lipid and carbohydrate
sources, respectively. The dietary protein level was fixed at
30%, which supported the optimal growth of young grass
carp, as described by Khan et al. (2004). Niacin (Sigma, St.
Louis, MO, USA) was added to the basal diet to provide
graded concentrations of 0.00 (basal diet group), 15.00,
25.00, 35.00, 45.00 and 55.00 mg kg1 diet. All ingredients
were mixed and pelleted as previously described by Ahmed
(2011). The niacin concentrations of the six diets were 3.95
(unsupplemented), 14.92, 24.98, 35.03, 44.97 and
55.01 mg kg1 diet determined by high-performance liquid
chromatography method described by Klejdus et al. (2004).
The diets were prepared and stored at 20 °C until feeding
according to as described by Morris et al. (1998).
Fish trial
The Animal Care Advisory Committee of Sichuan Agricul-
tural University specifically approved all experimental pro-
cedures. Fish obtained from a commercial farm (Sichuan,
China) were acclimatized to the experimental environment
for 4 weeks as described by Sun et al. (2010). A total of
540 fish with an average initial weight of 256  0.41 g were
randomly distributed into 18 experimental cages
(1.4 9 1.4 9 1.4 m) at an equal stocking rate of 30 fish per
cage as described by Tang et al. (2013). Each cage was
equipped with a disc of 100 cm diameter of 1-mm gauze in
the bottom to collect uneaten feed, as described by Tang
et al. (2013). Each of six experimental diets was fed to trip-
licate of fish four times daily for 8 weeks, according to
Eslamloo et al. (2013). Thirty minutes after feeding, unea-
ten feed was collected by siphoning, dried and weighed to
calculate the feed intake, as described by Dong et al.
(2013). During the period, the experiment was completed
under a natural light and dark cycle, the water temperature
was 26  2 °C, and the water quality was tested regularly:
dissolved oxygen was not <6.0 mg L1, and pH was
7.0  0.5 as described by Tang et al. (2013).
Sample collection and enzyme activity assay
At the beginning and the end of the feeding trial, the fish
from each cage were counted and weighed. Prior to each
sampling, fish were fasted for 12 h after the last feeding as
described by Aguila et al. (2007) and then anaesthetized in a
benzocaine bath (50 mg L1) according to Berdikova Bohne
et al. (2007). After sacrificed, the hepatopancreas and intes-
tine were quickly removed on ice, weighed and frozen in
liquid nitrogen and then stored at 80 °C until analysed
according to Martins et al. (2013). According to Kotorman
et al. (2000), the hepatopancreas and intestine samples were
homogenized on ice in 10 volumes (w v1) of ice-cold physi-
ological saline and centrifuged at 6000 g for 20 min at 4 °C,
and then the supernatant was conserved until used in the
Table 1 Composition and nutrient content of the basal diet
Ingredients g kg1 diet
Nutrients
content
g kg1
diet
Fishmeal 37.50 Crude protein4 293.20
Casein 248.10 Crude lipid4 45.40
Gelatin 75.00 n-35 10.00
DL-Met (99%) 1.40 n-65 10.00
Alpha-starch 240.00 Available
phosphorus5
6.00
Corn starch 226.20
Fish oil 25.00
Soybean oil 18.90
Vitamin premix1 10.00
Mineral premix2 20.00
Niacin premix3 15.00
Ca(H2PO4)2 22.40
Choline chloride (60%) 10.00
Cellulose 50.00
Ethoxyquin (30%) 0.50
1 Vitamin premix (g kg1 premix): retinyl acetate
(500 000 IU g1), 2.40; cholecalciferol (500 000 IU g1), 0.40; D, L-
a-tocopherol acetate (50%), 12.54; menadione (23%), 0.79; thia-
mine nitrate (98%), 0.04; calcium-D-pantothenate (98%), 2.43;
pyridoxine hydrochloride (98%), 0.59; cyanocobalamin (1%), 0.81;
riboflavin (80%), 0.55; D-biotin (2%), 4.91; mesoinositol (99%),
19.19; folic acid (96%), 0.40; ascorbyl acetate (93%), 7.16. All
ingredients were diluted with corn starch to 1 kg.
2 Mineral premix (g kg1 premix): MgSO4H2O, 56.200; FeS-
O4H2O, 22.900; CuSO45H2O, 0.020; ZnSO4H2O, 0.630;
MnSO4H2O, 1.650; KI, 0.070; NaSeO3, 0.004. All ingredients were
diluted with corn starch to 1 kg.
3 Niacin premix (mg kg1 premix): premix was added to obtain
graded levels of niacin. The final niacin concentrations in each
experimental diet were determined to be 3.95, 14.92, 24.98,
35.03, 44.97 and 55.01 mg kg1 diet, respectively.
4 Crude protein, crude lipid and total phosphorus contents were
measured value.
5 Available phosphorus, n-3 and n-6 contents were calculated
according to NRC (2011).
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enzyme activities assay. Trypsin and chymotrypsin activities
were assayed according to method described by Lemieux
et al. (1999); lipase and amylase activities were measured by
Furne et al. (2005); and the activities of alkaline phosphatase
(AKP), Na+, K+-ATPase, creatine kinase (CK) and c-glut-
amyl transpeptidase (c-GT) were determined according to
the procedure described by Bessey et al. (1946), Weng et al.
(2002), Tanzer & Gilvarg (1959) and Bauermeister et al.
(1983), respectively. Cholecystokinin content was determined
by the method of Maton et al. (1984). The contents of intes-
tine and hepatopancreas protein were measured by the
method of Bradford (1976). Growth hormone (GH) concen-
trations in fish serum were determined according to method
described by Cook et al. (1983).
Real-time PCR analysis
The procedures of RNA isolation, reverse transcription
and quantitative real-time PCR were similar to previous
study description from our laboratory (Wu et al. 2011).
Total RNA was extracted from the hepatopancreas, proxi-
mal intestine (PI), mid-intestine (MI) and distal intestine
(DI) using RNAiso Plus kit (Takara, Dalian, Liaoning,
China). RNA quantity and quality were assessed by elec-
trophoresis in 1% agarose gels and by spectrophotometry
analysis (A260 : 280 nm ratio) according to Chen et al.
(2013). Subsequently, first strand cDNA synthesis was per-
formed at 37 °C, for 15 min, and 85 °C, for 5 s with 2 mL
of total RNA using the PrimeScriptTM RT reagent kit (Ta-
KaRa Biotechnology (Dalian) Co., Ltd.), according to the
manufacturer’s instructions. Real-time PCR was performed
according to standard protocols with the primer sequences
and optimal annealing temperatures indicated in Table 2.
According to the results of our preliminary experiment
concerning the evaluation of internal control genes (data
not shown), b-actin was used as a reference gene to nor-
malize cDNA loading. After verification that the primers
amplified with an efficiency of approximately 100% and
Table 2 Real-time primer sequences, thermocycling conditions and GenBank numbers
Gene Sequences of primers Thermocycling conditions
Accession
number
Trypsinogen 1
Forward 5/-CTGCTGCTCACTGCTACAA-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 59.3 °C 30 s and 72 °C 30 s JX854450
Reverse 5/-TACTGCTCAGAACCCTCATT-3/
Trypsinogen 2
Forward 5/-CAACTCCTCTTCGGTCATC-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 59.3 °C 30 s and 72 °C 30 s KM112096
Reverse 5/-GGAGCCCAAAGGCACATC-3/
Chymotrypsinogen
Forward 5/-GGAAAGTCCATCATACACCC-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 60.4 °C 30 s and 72 °C 30 s JX854443
Reverse 5/-AGCCTCCAGCGAAGTTG-3/
Amylase
Forward 5/-ACTATGTGCGTGGTAAGGT-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 57.1 °C 30 s and 72 °C 30 s FJ641975.1
Reverse 5/-CTTGATGTAATAGGCTCCC-3/
Na+, K+-ATPase alpha subunit isoform 1 (atp1a1a.1)
Forward 5/-TGCCATTGTAGCCGTAAC-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 60.3 °C 30 s and 72 °C 30 s JX854442
Reverse 5/-GGTGCCCAAAGGTAGAGG-3/
Na+, K+-ATPase alpha subunit isoform 8 (atp1a1a.4)
Forward 5/-GAGGTCGTTGCTGGTGAT-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 55.9 °C 30 s and 72 °C 30 s KM112094
Reverse 5/-CAGTGAGGGAAGAGTTGTC-3/
Creatine kinase
Forward 5/-CTCCTCGTTCACCCAGAC-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 61.4 °C 30 s and 72 °C 30 s JX854444
Reverse 5/-CAGCATCAAGGGATACGC-3/
Target of rapamycin (TOR)
Forward 5/-TCCCACTTTCCACCAACT-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 61.4 °C 30 s and 72 °C 30 s JX854449
Reverse 5/-ACACCTCCACCTTCTCCA-3/
S6 kinase 1 (S6K1)
Forward 5/-TGGAGGAGGTAATGGACG-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 59.4 °C 30 s and 72 °C 30 s EF373673.1
Reverse 5/-ACATAAAGCAGCCTGACG-3/
eIF4E-binding protein (4EBP)
Forward 5/-TTTCTACAAGCCAAGCCAC-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 55.0 °C 30 s and 72 °C 30 s JX854451
Reverse 5/-CAACCATGATGCCAAACC-3/
b-Actin
Forward 5/-GGCTGTGCTGTCCCTGTA-3/ 95 °C 30 s, 40 cycles of 95 °C 5 s, 61.4 °C 30 s and 72 °C 30 s M25013
Reverse 5/-GGGCATAACCCTCGTAGAT-3/
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the target and housekeeping gene amplification efficiency
were calculated according to the specific gene standard
curves that were generated from 10-fold serial dilutions, the
results were analysed using the 2DDCT method described
by Livak & Schmittgen (2001).
Calculations and statistical analysis
Percentage weight gain (PWG), specific growth rate (SGR)
and feed efficiency (FE) were calculated according to Yu
et al. (2013); hepatosomatic index (HSI) was calculated
according to Zhou et al. (2013); hepatopancreatic protein
content (HPC), relative gut length (RGL), intestosomatic
index (ISI) and intestinal protein content (IPC) were calcu-
lated according to Zhao et al. (2012a), for each parameter
as follows:
PWG = [weight gain (g)/initial weight (g)] 9 100
SGR = [ln (mean final weight)ln (mean initial weight)]/
number of days 9 100
FE = [weight gain (g)/feed intake (g)] 9 100
HSI = [wet hepatopancreas weight (g)/wet body weight
(g)] 9 100
HPC = [hepatopancreatic protein (g)/wet hepatopancreas
weight (g)] 9 100
RGL = [intestine length (cm)/total body length
(cm)] 9 100
ISI = [wet intestine weight (g)/wet body weight
(g)] 9 100
IPC = [intestinal protein (g)/wet intestine weight
(g)] 9 100
Results were presented as means  SD. All data were
subjected to a one-way analysis of variance (ANOVA)
followed by the Duncan’s multiple-range test to determine
significant differences among treatments through SPSS 20.0
(SPSS Inc., Chicago, IL, USA), P < 0.05 was considered
statistically significant as described by Simon & Jeffs
(2013). Broken-line model analysis was used to evaluate the
dietary niacin requirement of young grass carp according
the method described by Mai et al. (2009).
Results
Growth performance
Effects of graded levels of dietary niacin on growth param-
eters are given in Table 3. The growth performance of fish
was the lowest for fish fed the basal diet (P < 0.05). We
found that FBW, PWG, SGR and FI were significantly
increased with dietary niacin supplement and obtained
maximum when niacin level was 35.03 mg kg1 diet
(P < 0.05), whereas higher niacin levels resulted in a pla-
teau-like response (P > 0.05), while FE was the highest for
fish fed 24.98 mg kg1 diet (P < 0.05) and plateaued there-
after (P > 0.05). Based on the broken-line model analysis
of PWG, the dietary niacin requirement of young grass
carp (256–689 g) was estimated to be 34.01 mg kg1 diet
(Fig. 1).
Hepatopancreas and intestine growth and
development
HSI, HPC, RGL, ISI and IPC of young grass carp fed
diets with graded levels of niacin are presented in Table 4.
HSI, HPC and RGL were significantly improved with
Table 3 Initial body weight (IBW, g fish1), final body weight (FBW, g fish1), percentage weight gain (PWG), specific growth rate (SGR),
feed intake (FI, g fish1), feed efficiency (FE) of young grass carp (Ctenopharyngodon idella) fed diets containing graded levels of niacin for
8 weeks1
Dietary niacin levels (mg kg1 diet)
3.95 14.92 24.98 35.03 44.97 55.01
IBW 256  0.51a 256  0.19a 255  0.58a 255  0.38a 256  0.38a 256  0.38a
FBW 486  18a 538  8.4b 630  30c 689  3.8d 681  17d 680  9.8d
PWG 90.2  6.6a 110  3.2b 147  12c 170  1.5d 166  7.2d 166  4.2d
SGR 1.15  0.06a 1.29  0.01b 1.61  0.08c 1.77  0.01d 1.75  0.05d 1.75  0.03d
FI 449  0.10a 481  0.20b 565  0.01c 648  3.6d 645  2.9d 645  2.1d
FE 51.3  3.8a 58.7  1.8b 66.4  5.3c 66.9  0.69c 65.9  3.0c 65.8  1.8c
Regressions
YPWG = 0.0428x2 + 4.1306x + 69.259 R2 = 0.931 P < 0.01
YSGR = 0.0004x2 + 0.0332x + 0.987 R2 = 0.942 P < 0.01
YFI = 0.0801x2 + 9.1166x + 395.770 R2 = 0.936 P < 0.01
YFE = 0.0121x2 + 0.9819x + 47.606 R2 = 0.807 P < 0.01
Values within the same row with different superscripts are significantly different (P < 0.05).
1 Values are means  SD of three replicate groups.
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dietary niacin levels up to 35.03 mg kg1 diet (P < 0.05),
but no differences were found with a further increase of the
dietary niacin levels (P > 0.05). ISI and IPC were signifi-
cantly improved with dietary niacin levels up to
24.98 mg kg1 diet (P < 0.05) and plateaued thereafter
(P > 0.05).
Enzyme activities in the hepatopancreas and
intestine
The effects of dietary niacin supplementation on the digestive
enzyme activities in the hepatopancreas and intestine of young
grass carp are presented in Table 5. Trypsin, chymotrypsin,
lipase and amylase activities in the hepatopancreas and intes-
tine were the lowest in the basal diet group (P < 0.05), and
those digestive enzyme activities were significantly increased
with increasing dietary niacin levels up to 35.03 mg kg1 diet
(P < 0.05) and remained nearly constant thereafter (P > 0.05)
in the hepatopancreas and intestine. Based on the broken-line
model analysis of trypsin activity in the hepatopancreas, opti-
mum niacin level of young grass carp (256–689 g) was found
at 35.10 mg kg1 diet (Fig. 2).
The brush border enzyme activities in PI, MI and DI for
young grass carp fed graded levels of niacin are presented
in Table 6. Activities of AKP and c-GT in PI, MI and DI,
and CK in PI and MI, and Na+, K+-ATPase in MI and
DI were the minimal for fish fed the basal diet (P < 0.05),
significantly improved up to 35.03 mg niacin kg1 diet
(P < 0.05) and then remained nearly constant thereafter
(P > 0.05). Na+, K+-ATPase activity in PI was the highest
for fish fed 44.97 mg kg1 niacin diet (P < 0.05) and
plateaued thereafter (P > 0.05). CK activity in DI was
notably improved with dietary niacin supplement, obtained
maximum when niacin level was 24.98 mg kg1 diet
(P < 0.05) and then reached a plateau (P > 0.05). As
shown in Fig. 3, on subjecting the activity of Na+, K+-AT-
Pase in the PI and dietary niacin levels to broken-line model
analysis, optimum niacin level of young grass carp (256–
689 g) was found at 42.08 mg kg1 diet.
Content of cholecystokinin in proximal intestine
and growth hormone in serum
The effect of dietary niacin supplementation on content of
CCK in PI and GH in serum of young grass carp is pre-
sented in Table 7. CCK and GH contents were remarkably
Figure 1 Broken-line analysis of percentage weight gain (PWG) for
young grass carp (Ctenopharyngodon idella) fed diets with graded
levels of niacin for 8 weeks.
Table 4 Hepatosomatic index (HSI, %), hepatopancreas protein content (HPC, %), relative gut length (RGL, %), intestosomatic index
(ISI, %) and intestinal protein content (IPC, %) of young grass carp (Ctenopharyngodon idella) fed diets containing with graded levels of
niacin for 8 weeks1
Dietary niacin levels (mg kg1 diet)
3.95 14.92 24.98 35.03 44.97 55.01
Hepatopancreas
HSI1 1.97  0.12a 2.54  0.16b 2.73  0.20c 3.10  0.09d 3.09  0.23d 3.01  0.15d
HPC2 6.97  0.37a 8.53  0.49b 9.25  0.71c 10.7  0.18d 10.6  0.47d 10.5  0.52d
Intestine
RGL1 149  8.9a 160  8.0b 162  7.1b 175  8.7c 174  9.2c 173  8.4c
ISI1 14.4  1.1a 16.1  1.2b 18.0  0.74c 18.8  1.0c 18.7  1.3c 18.6  1.0c
IPC2 5.59  0.33a 5.87  0.47b 7.38  0.55c 7.65  0.41c 7.59  0.65c 7.56  0.42c
Regressions
YHSI = 0.0007x2 + 0.0600x + 1.752 R2 = 0.846 P < 0.01
YHPC = 0.0019x2 + 0.1838x + 6.205 R2 = 0.880 P < 0.01
YISI = 0.0027x2 + 0.2456x + 13.337 R2 = 0.705 P < 0.01
YIPC = 0.0013x2 + 0.1181x + 4.930 R2 = 0.715 P < 0.01
Values within the same row with different superscripts are significantly different (P < 0.05).
1 Values are means  SD (n = 15).
2 Values are means  SD (n = 6).
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increased with dietary niacin levels up to 24.98 and
35.03 mg kg1 diet (P < 0.05), respectively, and remained
nearly constant thereafter (P > 0.05).
Digestive and brush border enzyme gene
expression
As shown in Figs 4 & 5, digestive enzymes mRNA expres-
sion (trypsinogen 1, trypsinogen 2, chymotrypsinogen and
amylase) in the hepatopancreas and brush border enzymes
(Na+, K+-ATPase alpha subunit isoform 1 (atp1a1a.1),
Na+, K+-ATPase alpha subunit isoform 8 (atp1a1a.4) and
CK) in the intestine of young grass carp were affected by
dietary niacin. Trypsinogen 1, trypsinogen 2, chymotrypsin-
ogen and amylase mRNA levels in the hepatopancreas, and
atp1a1a.1 in PI and MI, atp1a1a.4 and CK in PI, MI and
DI were significantly enhanced with dietary niacin supple-
ment, obtained maximum when niacin level was
35.03 mg kg1 diet and remained nearly constant thereafter
(P > 0.05). atp1a1a.1 in DI was significantly improved with
increasing dietary niacin levels up to 24.98 mg kg1 diet
(P < 0.05) and then reached a plateau (P > 0.05).
Target of rapamycin, S6 kinase 1 and eIF4E-
binding protein gene expression in
hepatopancreas and intestine
TOR, S6K1 and 4EBP gene expression in the hepatopan-
creas, PI, MI and DI of young grass carp fed diets containing
different levels of niacin are shown in Figs 6 & 7, respec-
tively. TOR and S6K1 mRNA levels in the hepatopancreas,
and TOR in PI, MI and DI, S6K1 in MI and DI mRNA lev-
els were notably enhanced with increasing dietary niacin lev-
els up to 35.03 mg kg1 diets (P < 0.05) and remained
nearly constant thereafter (P > 0.05). S6K1 mRNA level in
PI was lower in fish fed the basal diet than other treatments
(P < 0.05) and significantly increased with increasing dietary
Table 5 The activities of trypsin (U g1 tissue), chymotrypsin (U g1 tissue), lipase (U g1 tissue) and amylase (U g1 tissue) in the hepato-
pancreas and whole intestine of young grass carp (Ctenopharyngodon idella) fed diets containing graded levels of niacin for 8 weeks1
Dietary niacin levels (mg kg1 diet)
3.95 14.92 24.98 35.03 44.97 55.01
Hepatopancreas
Trypsin 0.760  0.05a 0.940  0.08b 0.970  0.05b 1.17  0.10c 1.14  0.09c 1.13  0.07c
Chymotrypsin 95.0  6.9a 108  8.6b 116  5.7bc 125  4.3d 123  8.8cd 123  9.0 cd
Lipase 715  103a 1052  103b 1346  130c 1641  138d 1598  130d 1556  103d
Amylase 975  8.1a 1062  2.3b 1138  7.1c 1151  7.7d 1148  2.4d 1149  2.1d
Intestine
Trypsin 0.720  0.05a 0.750  0.06a 0.930  0.04b 1.13  0.03c 1.09  0.07c 1.10  0.06c
Chymotrypsin 77.2  3.9a 94.1  7.1b 110  5.1c 121  6.3d 118  2.0d 120  4.4d
Lipase 547  103a 968  103b 1052  103b 1472  190c 1430  130c 1388  138c
Amylase 889  7.6a 1024  3.4b 1055  4.6c 1114  8.1d 1111  30d 1102  17d
Regressions
YHepatopancreas trypsin = 0.0002x2 + 0.0191x + 0.680 R2 = 0.769 P < 0.01
YHepatopancreas lipase = 0.5330x2 + 48.8250x + 496.590 R2 = 0.887 P < 0.01
YHepatopancreas amylase = 0.1245x2 + 10.5880x +
936.460
R2 = 0.976 P < 0.01
YIntestine trypsin = 0.0002x2 + 0.0180x + 0.602 R2 = 0.829 P < 0.01
YIntestine chymotrypsin = 0.0252x2 + 2.3266x + 67.380 R2 = 0.908 P < 0.01
YIntestine lipase = 0.4646x2 + 44.4360x + 370.880 R2 = 0.835 P < 0.01
YIntestine amylase = 0.1434x2 + 12.3970x + 850.090 R2 = 0.949 P < 0.01
Values within the same row with different superscripts are significantly different (P < 0.05).
1 Values are means  SD (n = 6).
Figure 2 Broken-line analysis of trypsin activity in the hepatopan-
creas for young grass carp (Ctenopharyngodon idella) fed diets con-
taining graded levels of niacin for 8 weeks.
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niacin levels up to 24.98 mg kg1 diets (P < 0.05), whereas
higher niacin levels resulted in a plateau-like response
(P > 0.05). The 4EBP mRNA level in the hepatopancreas
and the mRNA levels of 4EBP in the PI and MI were higher
in fish fed the 3.95 mg kg1 diet than other treatments
(P < 0.05), significantly decreased with increasing dietary
niacin levels up to 35.03 mg kg1 diets (P < 0.05) and
remained constant thereafter (P > 0.05). 4EBP mRNA level
in DI was rapidly decreased with increasing dietary niacin
levels up to 24.98 mg kg1 diets (P < 0.05), where the
response reached a plateau (P > 0.05).
Correlation analysis
Correlation analysis results are shown as follows,
respectively.
Correlation analysis showed that PWG had positive
correlation with FI (r1 = +0.990, P < 0.01) and FE
(r2 = +0.953, P < 0.01); digestive enzyme activities in intes-
tine were positively correlated with those in the hepatopan-
creas (rtrypsin = +0.947, P < 0.01; rchymotrypsin = +0.996,
Table 6 The activities of alkaline phosphatase (AKP, mmol of nitrophenol released g1 tissue h1), Na+, K+-ATPase (lmol of phosphorus
released g1 tissue h1), c-glutamyl transpeptidase (c-GT, mmol of 5-amino-2-nitrobenzoate released g1 tissue min1) and creatine kinase
(CK, lmol of phosphorus released g1 tissue h1) in proximal intestine (PI), mid-intestine (MI) and distal intestine (DI) of young grass
carp (Ctenopharyngodon idella) fed diets containing graded levels of niacin for 8 weeks1
Dietary niacin levels (mg kg1 diet)
3.95 14.92 24.98 35.03 44.97 55.01
AKP
PI 51.1  1.2a 59.1  1.6b 61.9  2.1c 68.4  1.7d 67.4  1.3d 67.2  2.0d
MI 28.9  1.9a 31.7  1.8b 32.5  2.2b 36.7  1.5c 36.5  2.3c 36.4  1.7c
DI 26.4  1.3a 27.8  1.4a 31.4  1.5b 35.2  1.8c 35.2  1.8c 35.1  1.2c
Na+, K+-ATPase
PI 185  9.5a 213  6.7b 228  7.5c 230  11c 243  9.5d 242  10d
MI 181  14a 199  14b 215  9.3bc 230  11c 227  12c 226  17c
DI 155  11a 162  13a 194  6.3b 217  13c 205  14bc 208  14bc
c-GT
PI 137  5.2a 140  10a 159  13b 191  9.3c 185  8.3c 184  6.9c
MI 39.9  1.9a 46.5  3.0a 117  8.2b 190  10c 182  3.6c 181  13c
DI 16.8  1.2a 29.3  2.3b 43.7  3.6c 54.1  3.7d 52.4  2.7d 51.9  2.8d
CK
PI 125  2.8a 138  2.5b 167  6.5c 214  8.9d 214  7.1d 209  9.7d
MI 111  8.7a 119  4.0a 120  6.7a 134  7.3b 131  11b 129  3.5b
DI 94.4  4.6a 103  6.8b 110  7.2c 114  3.0c 113  6.2c 112  7.3c
Regressions
YAKP in PI = 0.0093x2 + 0.8632x + 47.800 R2 = 0.914 P < 0.01
YAKP in DI = 0.0035x2 + 0.3997x + 24.062 R2 = 0.813 P < 0.01
YNa
+
, K
+
-ATPase in PI = 0.0259x2 + 2.6057x +
176.640
R2 = 0.833 P < 0.01
YNa
+
, K
+
-ATPase in DI = 0.0325x2 + 3.0968x +
136.620
R2 = 0.720 P < 0.01
Yc-GT in PI = 0.0190x2 + 2.2491x + 121.510 R2 = 0.748 P < 0.01
Yc-GT in MI = 0.0546x2 + 6.5508x4.407 R2 = 0.875 P < 0.01
Yc-GT in DI = 0.0213x2 + 1.9774x + 7.721 R2 = 0.946 P < 0.01
YCK in PI = 0.0319x2 + 3.8425x + 101.200 R2 = 0.882 P < 0.01
Values within the same row with different superscripts are significantly different (P < 0.05).
1 Values are means  SD (n = 6).
Figure 3 Broken-line analysis of Na+, K+-ATPase activity in
proximal intestine (PI) for young grass carp (Ctenopharyngodon id-
ella) fed diets containing graded levels of niacin for 8 weeks.
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P < 0.01; rlipase = +0.983, P < 0.01; ramylase = +0.972,
P < 0.01); digestive enzyme activities in the intestine had
positive correlation with CCK in PI (rtrypsin = +0.923,
P < 0.01; rchymotrypsin = +0.987, P < 0.01; rlipase = +0.953,
P < 0.01; ramylase = +0.926, P < 0.01); hepatopancreas tryp-
sin activity had positive correlation with trypsinogen 1
(r1 = +0.992, P < 0.01) and trypsinogen 2 (r2 = +0.981,
P < 0.01) mRNA levels; and chymotrypsin and amylase
activities in the hepatopancreas were positively correlated
with chymotrypsinogen and amylase mRNA levels in the
hepatopancreas, respectively (rHepatopancreas chymotrypsino-
gen = +0.969, P < 0.01; rHepatopancreas amylase = +0.961,
P < 0.01). The CK and Na+, K+-ATPase activities in the
intestine had positive correlation with CK, atp1a1a.1 and
atp1a1a.4 gene expression in the PI, MI and DI, respec-
tively (rCK in PI = +0.982, P < 0.01; rCK in MI = +0.967,
P < 0.01; rCK in DI = +0.985, P < 0.01; ratp1a1a.1 in
PI = +0.922, P < 0.01; ratp1a1a.1 in MI = +0.922, P < 0.01;
ratp1a1a.1 in DI = +0.939, P < 0.01; ratp1a1a.4 in PI = +0.925,
P < 0.01; ratp1a1a.4 in MI = +0.972, P < 0.01; ratp1a1a.4 in
DI = +0.929, P < 0.01). Correlation analysis indicated that
the mRNA levels of hepatopancreas trypsinogen 1, trypsin-
ogen 2, chymotrypsinogen and amylase, and intestinal
atp1a1a.1, atp1a1a.4 and CK in the intestine were posi-
tively correlated with TOR mRNA levels (rHepatopancreas
trypsinogen 1 = +0.998, P < 0.01; rHepatopancreas trypsinogen
2 = +0.989, P < 0.01; rHepatopancreas chymotrypsinogen = +0.973,
P < 0.01; rHepatopancreas amylase = +0.995, P < 0.01; ratp1a1a.1
in PI = +0.996, P < 0.01; ratp1a1a.1 in MI = +0.996, P < 0.01;
ratp1a1a.1 in DI = +0.987, P < 0.01; ratp1a1a.4 in PI = +0.996,
P < 0.01; ratp1a1a.4 in MI = +0.981, P < 0.01; ratp1a1a.4 in
DI = +0.986, P < 0.01; rCK in PI = +0.999, P < 0.01; rCK in
MI = +0.981, P < 0.01; rCK in DI = +0.996, P < 0.01) and
S6K1 mRNA levels (rHepatopancreas trypsinogen 1 = +0.998,
P < 0.01; rHepatopancreas trypsinogen 2 = +0.990, P < 0.01;
rHepatopancreas chymotrypsinogen = +0.982, P < 0.01; rHepatopan-
creas amylase = +0.999, P < 0.01; ratp1a1a.1 in PI = +0.983,
P < 0.01; ratp1a1a.1 in MI = +0.992, P < 0.01; ratp1a1a.1 in
DI = +0.984, P < 0.01; ratp1a1a.4 in PI = +0.892, P < 0.01; rat-
p1a1a.4 in MI = +0.966, P < 0.01; ratp1a1a.4 in DI = +0.991,
P < 0.01; rCK in PI = +0.994, P < 0.01; rCK in MI = +0.981,
P < 0.01; rCK in DI = +0.997, P < 0.01) in grass carp,
respectively. Hepatopancreas trypsinogen 1, trypsinogen 2,
chymotrypsinogen and amylase, and intestinal atp1a1a.1,
atp1a1a.4 and CK mRNA levels were negatively corre-
lated with 4EBP mRNA levels in grass carp, respectively
(rHepatopancreas trypsinogen 1 = 0.984, P < 0.01; rHepatopancreas
trypsinogen 2 = 0.998, P < 0.01; rHepatopancreas chymotrypsino-
gen = 0.990, P < 0.01; rHepatopancreas amylase = 0.989,
P < 0.01; ratp1a1a.1 in PI = 0.990, P < 0.01; ratp1a1a.1 in
MI = 0.982, P < 0.01; ratp1a1a.1 in DI = 0.970, P < 0.01;
ratp1a1a.4 in PI = 0.988, P < 0.01; ratp1a1a.4 in MI = 0.952,
P < 0.01; ratp1a1a.4 in DI = 0.959, P < 0.01; rCK in
PI = 0.995, P < 0.01; rCK in MI = 0.967, P < 0.01; rCK in
DI = 0.979, P < 0.01). Correlation analysis showed that
the mRNA levels of TOR and S6K1 in the hepatopancreas
Table 7 The content of cholecystokinin (CCK, ng g1 protein) in proximal intestine (PI) and the growth hormone (GH, ng mL1) in serum
of young grass carp (Ctenopharyngodon idella) fed diets containing graded levels of niacin for 8 weeks1
Dietary niacin levels (mg kg1 diet)
3.95 14.92 24.98 35.03 44.97 55.01
CCK 62.0  4.7a 67.0  2.4a 73.7  5.1b 74.9  4.2b 73.9  6.5b 74.6  4.5b
GH 1.70  0.09a 1.83  0.09b 2.48  0.10c 3.18  0.04d 3.15  0.05d 3.16  0.05d
Regression
YGH = 0.0005x2 + 0.0639x + 1.287 R2 = 0.900 P < 0.01
Values within the same row with different superscripts are significantly different (P < 0.05).
1 Values are means  SD (n = 6).
Figure 4 The relative expression of the digestive enzymes (trypsin-
ogen 1, trypsinogen 2, chymotrypsinogen and amylase) for young
grass carp (Ctenopharyngodon idella) fed diets with graded levels of
niacin for 8 weeks in the hepatopancreas. Values are means  SD
(n = 6), and different letters denote significant difference
(P < 0.05).
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and intestine were positively correlated with serum GH
content, respectively (rHepatopancreas TOR = +0.956, P < 0.01;
rHepatopancreas S6K1 = +0.958, P < 0.01; rTOR in PI = +0.983,
P < 0.01; rTOR in MI = +0.953, P < 0.01; rTOR in
DI = +0.960, P < 0.01; rS6K1 in PI = +0.958, P < 0.01; rS6K1
in MI = +0.956, P < 0.01; rS6K1 in DI = +0.958, P < 0.01),
and 4EBP mRNA levels in the hepatopancreas and intes-
tine were negatively correlated with grass carp serum GH
content, respectively (rHepatopancreas = 0.987, P < 0.01;
rPI = 0.969, P < 0.01; rMI = 0.935, P < 0.01;
rDI = 0.966, P < 0.01).
Discussion
Deficiency of dietary niacin caused deficiency
signs and the decline of growth performance in
young fish
Up to date, the signs of niacin deficiency and the effect of
dietary niacin on growth performance were only studied in
juvenile fish, but no study has been conducted to evaluate
the effect of dietary niacin deficiency on those in young
fish. In young fish, we firstly found that the niacin-deficient
diet resulted in deficiency symptoms. Results of our current
study demonstrated that niacin deficiency could induce tail
fin lesions and campylorrhachia of young grass carp. The
essentiality of niacin for the normal growth of young grass
carp was also clearly demonstrated in the present study.
The data reported herein firstly demonstrated that young
grass carp fed the niacin-deficient diet developed poor
weight gain, whereas optimal niacin supplementation could
increase that. Study in Jian carp indicated that suppression
of FI might be one reason for reduced growth performance
(Wen et al. 2009). It was reported that increase of gastroin-
testinal motility could improve feed intake of rats
(Charoenthongtrakul et al. 2009). Study has shown that
additional niacin was necessary for the proper maintenance
of that gastrointestinal motility of dog (Crandall et al.
1939). Moreover, study in fish showed that niacin
Figure 6 The relative expression of target of rapamycin (TOR),
eIF4E-binding protein (4EBP), ribosomal protein S6 kinase 1
(S6K1) for young grass carp (Ctenopharyngodon idella) fed diets
with graded levels of niacin for 8 weeks in the hepatopancreas.
Values are means  SD (n = 6), and different letters denote signifi-
cant difference (P < 0.05).
(a)
(b)
(c)
Figure 5 The relative expression of Na+, K+-ATPase alpha sub-
unit isoform 1 (atp1a1a.1) (a), Na+, K+-ATPase alpha subunit
isoform 8 (atp1a1a.4) (b), creatine kinase (CK) (c) for young grass
carp (Ctenopharyngodon idella) fed diets with graded levels of nia-
cin for 8 weeks in proximal intestine (PI), mid-intestine (MI) and
distal intestine (DI). Values are means  SD (n = 6), and different
letters denote significant difference (P < 0.05).
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deficiency led to anorexia and appetite decrease, thus sup-
pressing feed intake (Halver 2002; NRC 2011). Xiang et al.
(2008) reported that the decline of fish growth also was
partly due to the decrease of FE in juvenile Jian carp as
dietary niacin level deficiency. In the current study,
compared with optimal niacin supplementation, deficiency
of niacin decreased FI and FE of grass carp. Study found
that PWG had positive correlation with FI and FE in grass
carp, indicating that the enhancement of fish growth may
be partly attributed to the fact that feed intake and feed
efficiency were increased by optimum dietary niacin supple-
mentation. In addition, fish growth strongly depends on
the digestive and absorptive capacity which is related to the
digestive enzyme and brush border enzyme activities
(Fountoulaki et al. 2005; Hakim et al. 2006).
Deficiency of dietary niacin declined the activities
of digestive and brush border enzyme, thus
decreasing digestion and absorption capacities in
fish
In fish, digestive enzymes are synthesized in pancreas and
are secreted into the intestinal lumen (Ray et al. 2012).
Results from our current study showed that niacin defi-
ciency decreased the trypsin, chymotrypsin, lipase and
amylase activities in the hepatopancreas and intestine of
grass carp, whereas appropriate niacin supplementation
diet could increase these enzyme activities, indicating that
niacin deficiency decreased the digestive capacity of fish
partly by decreasing trypsin, chymotrypsin, lipase and
amylase activities. Additionally, digestive enzymes of grass
carp between hepatopancreas and intestine had the similar
pattern changes, suggesting that niacin deficiency-
decreased fish digestive capacity was partly attributed to
the decreased digestive enzyme synthesis in the pancreas.
Furthermore, the decreased digestive enzyme activities in
the intestine are most likely related to the CCK content
in fish PI. It was reported that CCK was secreted in PI
and stimulated pancreas digestive enzyme secretion in sea
bass (Cahu et al. 2004). In our study, compared with
appropriate niacin supplementation, niacin deficiency
decreased CCK content in PI of grass carp. Meanwhile,
the intestinal digestive enzyme activities were positively
correlated with the CCK content in PI of grass carp.
These data implied that niacin-limited diet might act
through decreasing CCK content of PI to inhibit pan-
creas digestive enzymes secretion and thereby decreasing
the digestive capacity of fish. But, the mechanisms require
further study. Interestingly, we observed that dietary nia-
cin deficiency lead to twofold decrease in the lipase activ-
ity in the intestine of young grass carp than the optimum
levels, whereas the other digestion enzyme activities of
fish fed the niacin-deficient diet showed only one time
decrease, indicating that lipase may be more sensitive to
niacin deficiency than the other digestion enzymes in fish.
(a)
(b)
(c)
Figure 7 The relative expression of target of rapamycin (TOR) (a),
ribosomal protein S6 kinase 1 (S6K1) (b) and eIF4E-binding pro-
tein (4EBP) (c) for young grass carp (Ctenopharyngodon idella) fed
diets with graded levels of niacin for 8 weeks in proximal intestine
(PI), mid-intestine (MI) and distal intestine (DI). Values are
means  SD (n = 6), and different letters denote significant differ-
ence (P < 0.05).
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The high sensitivity of the lipase to niacin deficiency may
be associated with the metabolism of histidine. In C. glu-
tamicum, nicotinamide adenine dinucleotide (NAD+), as
the main metabolite of niacin, function as the biosynthe-
sis of histidine (Kulis-Horn et al. 2014). Study from our
laboratory showed that histidine deficiency decreased
trypsin, chymotrypsin, amylase and lipase activities in
juvenile Jian carp intestine, and lipase was more sensitive
to histidine deficiency than the other digestion enzymes
(Zhao et al. 2012a). Thus, the high sensitivity of the
lipase to niacin deficiency may be related to the histidine
metabolism, which needs further investigation. Meanwhile,
the brush border enzyme activities play critical roles in
the absorptive process of nutrients for fish (Wu et al.
2013; Li et al. 2015). In this study, we firstly found that
niacin-deficient diet could decrease Na+, K+-ATPase,
AKP, c-GT and CK activities in PI, MI and DI of grass
carp. These data implied that niacin deficiency decreased
fish absorptive capacity partly by decreasing the Na+,
K+-ATPase, AKP, c-GT and CK activities. Niacin defi-
ciency-decreased intestinal brush border enzyme activities
may be partially associated with the metabolism of the
zinc. It was revealed that niacin deficiency could decrease
the uptake of zinc in mice intestine (Agte et al. 1997).
Moreover, study from our laboratory showed that zinc
deficiency decreased Na+, K+-ATPase, AKP and c-GT
activities in juvenile Jian carp intestine (Tan et al. 2011).
These data suggested that niacin deficiency decreased the
brush border enzyme activities partly by decreasing the
uptake of zinc in fish intestine, which require further
study. In addition, the enzyme activity was in part depen-
dent on enzyme gene expression in rat (Lambertucci et al.
2007).
Deficiency of dietary niacin downregulated
digestive and brush border enzyme gene
expression in fish hepatopancreas and intestine
thereby declined the corresponding activities of
digestive and brush border enzyme
Trypsinogen 1 and trypsinogen 2 belong to the trypsino-
gen isoforms in fish hepatopancreas (Murray et al. 2004).
In this study, compared with appropriate niacin supple-
mentation, we found that niacin deficiency downregulated
the trypsinogen 1, trypsinogen 2, chymotrypsinogen and
amylase mRNA levels in grass carp hepatopancreas.
Meanwhile, digestive enzyme activities followed a similar
pattern of their respective mRNA level changes, implying
that niacin deficiency-decreased digestive enzyme activities
may be in part ascribed to the downregulation of the cor-
responding enzyme mRNA levels in fish hepatopancreas.
Interestingly, in our study, we observed that the remark-
able improvement change of trypsinogen 1 mRNA level
was higher than that of trypsinogen 2, indicating that the
sensitivity of the trypsinogen 1 to niacin deficiency may
be higher than trypsinogen 2 in fish. The reasons for this
phenomenon is still unknown, but may be related to the
threonine phosphorylation. Compared with the trypsino-
gen 2, study in common carp (C. carpio) showed that
trypsinogen 1 had the special threonine phosphorylation
site which may be related to the translation process of
trypsinogen 1 (Chen et al. 2010). It was revealed that nia-
cin played an important role in activating p38MAPK in
human vascular smooth muscle cells (Kim et al. 2011).
Moreover, p38MAPK could make phosphorylation of
threonine site of p67PHOX in NADPH oxidase (Dang
et al. 2003). Thus, the high sensitivity of the trypsinogen
1 to niacin deficiency may be partly associated with threo-
nine phosphorylation of the specific site which may be
regulated by niacin; however, this topic need to be further
evaluated.
In this study, we also evaluated brush border enzyme
gene expression in fish intestine. Compared with appro-
priate niacin supplementation diet, niacin deficiency
resulted in the downregulation of Na+, K+-ATPase
alpha subunit isoform 1 (atp1a1a.1), Na+, K+-ATPase
alpha subunit isoform 8 (atp1a1a.4) and CK mRNA lev-
els in PI, MI and DI. Moreover, we found that there
were similar pattern changes between brush border
enzyme activities and their mRNA levels, implying that
niacin deficiency-decreased brush border enzyme activities
may be partially attributed to the downregulation of their
mRNA levels in fish intestine. Niacin-deficiency-downreg-
ulated Na+, K+-ATPase alpha subunit isoform gene
expression may be partly associated with cAMP concen-
tration. It was reported that low cAMP concentration
could downregulate Na+, K+-ATPase alpha subunit iso-
form gene expression in rat (Ahmad & Medford 1995).
Additionally, study in adipose tissue and liver suggested
that niacin deficiency could decrease cAMP concentration
(Degerman et al. 1990; Kim et al. 2008). Therefore, nia-
cin-deficient-diet-downregulated Na+, K+-ATPase alpha
subunit isoform gene expression may be in part due to
the decreased cAMP content in fish, which needs further
investigation. Furthermore, study in rat showed that
digestive and brush border enzyme mRNA levels might
be regulated by the TOR signalling pathway (Hashimoto
& Hara 2004).
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Dietary niacin regulated digestive and brush
border enzyme gene expression partly via TOR
signalling pathway (including TOR, S6K1 and 4EBP
signalling molecules) in fish hepatopancreas and
intestine
TOR plays a central role in TOR signalling pathway and
relays a permissive signal to downstream targets in fish
(Wu et al. 2011). It was reported that TOR could regulate
RNA polymerases transcription in yeast (Rohde et al.
2004). RNA polymerases combined with the promoter
start-up gene transcription in Drosophila and mammals
(Core & Lis 2008). Study from our laboratory had indi-
cated that the downregulation of TOR gene expression
could decrease the chymotrypsin and amylase mRNA levels
in the hepatopancreas and Na+, K+-ATPase mRNA level
in the intestine of juvenile Jian carp (Zhao et al. 2012b).
Moreover, S6K1, as an utmost important effector in down-
stream of TOR, regulated ribosomal gene transcription in
yeast (Hannan et al. 2003). In this study, niacin deficiency
downregulated TOR and S6K1 mRNA levels, and opti-
mum niacin diet could upregulate those in the hepatopan-
creas and intestine of grass carp. Meanwhile, we found that
the mRNA levels of digestive and brush border enzyme
were positively correlated with TOR and S6K1 mRNA lev-
els in the hepatopancreas and intestine of grass carp,
respectively. These data indicated that niacin-deficiency-
downregulated digestive and brush border enzyme mRNA
levels may be partly due to the downregulation of TOR
and S6K1 mRNA levels in fish hepatopancreas and intes-
tine. 4EBP, another major downstream target of TOR
pathway, inhibits recruitment of the 40S ribosomal subunit
to the cap structure present at the 5‘-end of all eukaryotic
cellular mRNAs by binding eIF4E (Teleman et al. 2005).
Previous study from our laboratory indicated that the
upregulation of 4EBP gene expression could decrease the
chymotrypsin and amylase mRNA levels in the hepatopan-
creas, and Na+, K+-ATPase mRNA level in the intestine
of juvenile Jian carp (Zhao et al. 2012b). In present study,
compared with the TOR and S6K1, 4EBP mRNA levels
showed opposite tendency in both hepatopancreas and
intestine of grass carp. Moreover, study found that the
digestive and brush border enzyme mRNA levels had nega-
tive correlation with 4EBP mRNA levels in the hepatopan-
creas and intestine of grass carp, respectively, suggesting
that niacin-deficiency-downregulated enzyme mRNA levels
may be in part ascribed to the upregulation of 4EBP mRNA
levels in fish hepatopancreas and intestine. Together, the
fact that niacin upregulated the above-mentioned digestive
and brush border enzyme mRNA levels may be partly
related to the signalling molecules (TOR, S6K1 and 4EBP)
involved in TOR signalling pathway of fish. The beneficial
effect of niacin on TOR signalling pathway in fish may be
partly due to the growth hormone (GH) content in fish
serum. Hayashi & Proud (2007) reported that the serum
GH could upregulate the TOR signalling pathway in rat.
In current study, we found that dietary niacin deficiency
decreased GH content in the serum of grass carp, while the
GH content got enhanced with niacin supplementation.
Additionally, our study found that TOR and S6K1 mRNA
levels in the hepatopancreas and intestine followed the sim-
ilar pattern changes with serum GH content of grass carp,
respectively. However, the 4EBP mRNA levels in the hepa-
topancreas and intestine had the opposite pattern changes
with grass carp serum GH content. These data indicated
that niacin deficiency downregulated TOR and S6K1 gene
expression and upregulated 4EBP gene expression partly by
decreasing the fish serum GH content. But the detailed
mechanism requires further study.
The requirements of niacin for young grass carp
The above data clearly demonstrated that niacin deficiency
could lead to decrease digestive and absorptive capacity,
thereby decreasing the growth of young grass carp. Thus, it
is necessary to evaluate the niacin requirement of young
grass carp to maintain the digestive and absorptive capacity
and the growth. Trypsin is an important proteolytic
enzyme that plays a crucial role in fish digestive capacity
(Polgar 2005). Moreover, Na+, K+-ATPase is considered
to be an important indicator of intestinal nutrient uptake
in fish (Li et al. 2010). Based on the broken-line model
analysis for PWG, trypsin activity in the hepatopancreas
and Na+, K+-ATPase activity in proximal intestine, the
optimal niacin requirement for young grass carp
(256–689 g) was estimated to be 34.01, 35.10 and
42.08 mg kg1 diet, respectively.
Conclusion
In summary, our study was the first study to show that (i)
niacin deficiency-decreased growth of fish is partly related
to the inhibition of the digestion and absorption capacity
which was reflected by the decreased digestive and brush
border enzyme activities; (ii) niacin deficiency-decreased
digestive and brush border enzyme activities were in part
ascribed to the downregulated gene expression of corre-
sponding trypsinogen 1, trypsinogen 2, chymotrypsinogen
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and amylase in fish hepatopancreas, Na+, K+-ATPase
alpha subunit isoform 1 (atp1a1a.1), Na+, K+-ATPase
alpha subunit isoform 8 (atp1a1a.4) and CK in fish intes-
tine; (iii) niacin deficiency downregulated those digestive
and brush broad enzyme gene expression partly by downre-
gulating the mRNA levels of TOR and S6K1 and upregu-
lating the 4EBP mRNA levels in fish hepatopancreas and
intestine. However, the detailed mechanism by which niacin
regulated these genes needs to be further investigated in
fish; (iv) in addition, based on the PWG, trypsin activity in
the hepatopancreas and Na+, K+-ATPase activity in prox-
imal intestine, this study for the first time evaluated
the requirements of dietary niacin for young grass carp
(256–689 g) to be 34.01, 35.10 and 42.08 mg kg1 diet,
respectively.
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